Proof of concept for the in vivo bacterial production of a polyester resin displaying various customizable affinity protein binding domains is provided. This was achieved by engineering various protein binding domains into a bacterial polyester-synthesizing enzyme. Affinity binding domains based on various structural folds and derived from molecular libraries were used to demonstrate the potential of this technique. Designed ankyrin repeat proteins (DARPins), engineered OB-fold domains (OBodies), and V HH domains from camelid antibodies (nanobodies) were employed. The respective resins were produced in a single bacterial fermentation step, and a simple purification protocol was developed. Purified resins were suitable for most lab-scale affinity chromatography purposes. All of the affinity domains tested produced polyester beads with specific affinity for the target protein. The binding capacity of these affinity resins ranged from 90 to 600 nmol of protein per wet gram of polyester affinity resin, enabling purification of a recombinant protein target from a complex bacterial cell lysate up to a purity level of 96% in one step. The polyester resin was efficiently produced by conventional lab-scale shake flask fermentation, resulting in bacteria accumulating up to 55% of their cellular dry weight as polyester. A further proof of concept demonstrating the practicality of this technique was obtained through the intracellular coproduction of a specific affinity resin and its target. This enables in vivo binding and purification of the coproduced "target protein." Overall, this study provides evidence for the use of molecular engineering of polyester synthases toward the microbial production of specific bioseparation resins implementing previously selected binding domains.
A ffinity chromatography in various forms has been a cornerstone of protein purification for decades. In its simplest form, the inherent interaction between a target enzyme and its substrate is used, for example, purifying amylase by adsorbing it on insoluble starch. However, this technique is limited by the availability of a naturally occurring interaction and the ability of the substrate to be immobilized on an insoluble matrix (1) . A more common and versatile technique is to engineer a tag into the target protein and utilize a protein or matrix with affinity toward that tag (2) . Though widely used, this approach is often unacceptable for structural studies and in many commercial production systems due to the chance that the affinity tag may affect the structure, function, or other characteristics of the target protein. Furthermore, the presence of tags is commonly not tolerated in the pharmaceutical industry (3) . One approach to combat this is to remove the tag after purification by engineering specific protease cleavage sites or self-cleaving sites such as inteins between the target and the tag, but this introduces further processing and purification steps (to remove the protease and/or cleaved tag) and can often result in a "scar" (residual amino acids) as well as negatively impacting process economics (3) .
A different approach is to utilize antibodies raised against the target of interest. Antibodies can be generated to have highly specific and strong binding affinities for target proteins. Antibodies can be bound to a common protein A resin, resulting in a custom affinity chromatography resin. Due to the time and relatively high initial cost to generate an antibody, this approach is often not applicable for lab-scale processes unless an antibody already exists but may be appropriate for large-scale production of a high-value protein, for which the initial cost would soon be offset. The main downsides of this approach are the additional steps involved in producing, purifying, and cross-linking the antibody to the resin before the target can be applied and the potential for antibody leaching.
Here we describe the one-step production of an affinity matrix based on the in vivo conjugation of various customizable affinity binding domains to biopolyester beads produced by Escherichia coli. These beads are composed of poly-␤-hydroxybutyrate (PHB) and can be naturally produced as intracellular inclusions by a wide range of bacteria and archaea (4) . The beads are produced in the bacterial cytosol when the polyhydroxyalkanoate (PHA) synthase, PhaC, catalyzes the polymerization of (R)-3-hydroxyacyl-coenzyme A (CoA). PhaC remains covalently attached to the nascent PHA chain, which self-assembles into beads within the cell (5) . These beads have a diameter of 100 to 500 nm and can be simply purified from the cell. The PHA beads can be functionalized by translationally fusing a protein or domain of interest to either terminus of PhaC, which is subsequently displayed at the bead surface (6) . Previously, PHA beads have been engineered to display proteins with diverse characteristics such as antibody binding domains, various enzymatic functions, biotin binding, and vaccine antigens (7) (8) (9) (10) (11) .
It was previously demonstrated that a single-chain variablefragment antibody (scFv) that had been specifically engineered for soluble production in the bacterial cytoplasm could be functionally produced and displayed on PHA beads in vivo (12) . Here we utilize several customizable affinity domain scaffolds with diverse libraries to demonstrate the potential for a bacterially produced custom affinity resin.
Three affinity binding proteins/domain were assessed: V HH domains from camelid antibodies, designed ankyrin repeat proteins (DARPins), and OB-folds (OBodies). Antibodies from camelid species lack light chains and can recognize antigens via their single monomeric variable antibody domain of (also known as V HH domains or nanobodies). V HH domains represent the smallest known natural antigen-binding domain (Ͻ15 kDa) and typically are more soluble and stable than multidomain recombinant antibodies. This makes them an attractive target for bacterial production. V HH domains with specific affinities can be derived from immune, nonimmune, or semisynthetic libraries (13) . DARPins are customizable synthetic affinity proteins based on a consensus of naturally occurring ankyrin repeat domains. They are very stable and can be produced in the bacterial cytoplasm at high yields. By shuffling specific potentially interacting residues within a repeat and the number of repeat domains themselves, libraries with diversities of up to 10 14 can be generated, enabling selection of binding domains with binding affinities in the pM range (14, 15) . OBodies are affinity binding proteins derived from OB-fold domains of naturally occurring proteins, typically from Pyrobaculum aerophilum (e.g., tRNA synthetase or translational initiation factor IF5A). Several residues on the binding face of the OB-fold are randomized, and the resulting library is screened for binding to the target of interest by phage display; binding affinities as low as 3 nM have been demonstrated (16, 17) .
Here, examples of these affinity domains, previously derived from immune and synthetic libraries, were genetically fused to a polyester synthase gene (phaC) as a proof of concept for the in vivo production of biopolyester-based customizable affinity resins. The expression of the disulfide-containing V HH domain constructs was optimized to allow efficient cytosolic production of functional protein. Furthermore, we demonstrated the application of this technique to coproduce both the affinity matrix and the target protein within the same cell. This allowed for the rapid in vivo "one-step" production and purification of an untagged protein of interest.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this study are listed in Table 1 . All E. coli strains were grown in LB at 37°C or 25°C unless otherwise stated. When required, antibiotics were used at the following concentrations: ampicillin, 75 g/ml; chloramphenicol, 34 g/ ml. For PHA bead and protein production, E. coli cultures were grown in LB with 1% glucose at 25°C to an optical density at 600 nm (OD 600 ) of 0.4 to 0.5, induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside), and allowed to grow for approximately 48 h.
Plasmids, DNA constructs, and oligonucleotides. All plasmids and oligonucleotides used in this study are listed in Table 1 . DNA primers, deoxynucleoside triphosphate, Taq and Platinum Pfx polymerases, and T4 DNA ligase were purchased from Invitrogen. DNA sequencing was performed by the Massey University Genome Service.
The amino acid sequence for the anti-green fluorescent protein (GFP) V HH domain cAbGFP4 was obtained from Saerens et al. (19) . The amino acid sequence for the anti-ovine tumor necrosis factor alpha (TNF-␣) V HH domain B5 was kindly provided by Anton Pernthaner, AgResearch New Zealand (20) . The amino acid sequence for the maltose binding protein (MBP) DARPin off7 was obtained from Binz et al. (15) . The V HH and DARPin affinity domains were codon optimized, synthesized, and inserted into pUC57 by Genscript USA Inc. with the addition of XbaI sites followed by ribosomal binding site (RBS) and start codons on the 5= end and a 48-bp region encoding a serine-glycine linker, S(G 4 ) 3 S, followed by SpeI sites, on the 3= end. Plasmids encoding fusion of the V HH domains or DARPin to the N terminus of the PHA synthase were generated by excising the respective domains from the pUC57 backbone with XbaI and SpeI and ligating the fragments into the corresponding sites of pET-14b:MPhaC (6) (replacing the Mpl-encoding region), resulting in plasmids pET14b:GFPV HH -SG-PhaC, pET-14b:TNFaV HH -SG-PhaC, and pET-14b: off7-SG-PhaC.
To create plasmids encoding the fusion of the C terminus of PhaC to the V HH or DARPin domains, the respective domains were amplified from the synthesized pUC57 templates using the following primers: GFPV HH -atg_F_XhoI_(C) and GFPV HH ϩtaa_R_BamHI_(C); TNFaB5V HHatg_F_XhoI_(C) and TNFaB5V HH ϩtaa_R_BamHI_(C); and off7-atg_F_XhoI_(C) and off7ϩtaa_R_BamHI_(C). The resulting fragments were cleaved with XhoI and BamHI and ligated into the corresponding sites on the plasmid pET-14b:PhaC-linker-MalE (6) (replacing the MalEencoding region), resulting in plasmids pET-14b:PhaC-linker-GFPV HH , pET-14b:PhaC-linker-TNFaV HH , and pET-14b:PhaC-linker-off7.
To create the constructs pET-14b:GFPV HH -SG-PhaC-linker-DsbC, pET-14b:TNFaV HH -SG-PhaC-linker-DsbC, pET-14b:Tub1V HH -SGPhaC-linker-DsbC, and pET-14b:PhaC-linker-DsbC, a fragment encoding DsbC was amplified from pBAD⌬SSdsbC (21) using the primers DsbC-ss_F_XhoI_(C) and DsbC-ss_R_BamHI_(C). The resulting fragment was cleaved with XhoI and BamHI and ligated into the corresponding sites of pET-14b:M-PhaC-linker-MalE and pET-14b:M-PhaC-linkerMalE (6) (replacing the MalE-encoding region), resulting in the plasmids pET-14b:M-PhaC-linker-DsbC and pET-14b:PhaC-linker-DsbC. The V HH domains were inserted upstream of the PhaC-coding region of pET14b:M-PhaC-linker-DsbC via XbaI and SpeI as described above.
To create the constructs pET-14b:DsbC-SG-PhaC-linker-GFPV HH , pET-14b:DsbC-SG-PhaC-linker-TNFaV HH , and pET-14b:DsbC-SGPhaC-linker-Tub1V HH , a fragment encoding Dsbc was amplified from pBAD⌬SSdsbC (21) , using the primers DsbC-ssϩRBSϩatg_F_XbaI_(N) and DsbC-taa_R_KpnI_(N). This fragment was cleaved with XbaI and KpnI and ligated into the corresponding sites of pUC57:GFPV HH opt (replacing the GFPV HH domain) to introduce an SG linker after the DsbCencoding region, and the fragment encoding DsbC followed by an SG linker was excised via XbaI and SpeI from the resulting plasmid and ligated into the corresponding sites of pET-14b:M-PhaC-linker-MalE and pET-14b:M-PhaC. The V HH domains were inserted downstream of the PhaC-coding region and the linker via XhoI and BamHI as described above.
pET-14b:GFPV HH -SG-PhaC-linker-GFPV HH was generated by replacing the DsbC-coding region from pET-14b:GFPV HH -SG-PhaClinker-DsbC with the GFPV HH domain from pET-14b:PhaC-linker-GFPV HH via XhoI and BamHI as described above.
The lysozyme-specific OBody-coding region was obtained from the plasmid pProExHtb-L200EP-06 (16) . The region was amplified for fusion to the N or C terminus of PhaC using the primer set OB_F_SpeI_(N) and OB_R_SpeI_(N) and the primer set OB_F_SmaI_(C) and OB_R_Bam-HI_(C), respectively. The products were hydrolyzed with SpeI or SmaI and BamHI and ligated into the corresponding sites of pET14b:GFP-phaC (for the N-terminal fusion) or pET14b:phaC-linker-SG-GFP (for the Cterminal fusion), resulting in pET14b:OB-PhaC and pET14b:PhaC-OB.
The plasmids for the coexpression of GFPV HH beads and GFP were generated by inserting the GFP open reading frame (ORF) behind the V HH -PhaC-V HH ORF of the plasmid pET-14b:GFPV HH -SG-PhaC-linker-GFPV HH (also pET-14b:PhaC as a negative control). The GFP ORF was amplified (with the addition of an RBS) from the plasmid pET14b:PhaC-GFP (6) with the primers GFP_polycis_F_(BamHI-RBS) and GFP_ polycis_R_(StuI-BclI). This product was cut with BamHI and BclI and ligated into the BamHI site of pET-14b:GFPV HH -PhaC-GFPV HH and pET-14b:PhaC, resulting in pET-14b:GFPV HH -PhaC-GFPV HH _GFP and pET-14b:PhaC_GFP. Orientation and sequence were confirmed by sequencing.
To generate the sulfhydryl oxidase-expressing plasmid pMSC69E, the amino acid sequence of Erv1p was obtained from NCBI (NP_011547.2) and codon optimized by Geneart (Life technologies) with the addition of HindIII and an RBS on the 5= end and PstI on the 3= end, and then this product was cut with HindIII and PstI and ligated into the corresponding sites of pMCS69 (22) (upstream of phaA and phaB before the promoter).
Production and isolation of beads. The strains used to produce beads were E. coli BL21(DE3)(pMCS69) or SHuffle T7 express(pMCS69E) containing the pET14b-derived phaC construct of interest. Beads were produced and harvested essentially as described elsewhere (6) . Briefly, cells were harvested by centrifugation and mechanically disrupted via a French press or a similar process; the insoluble (bead-containing) fraction was collected and washed in phosphate-buffered saline (PBS; 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, pH 7.4) before being subjected to centrifugation at 100,000 ϫ g on a glycerol density gradient (88% cushion, 44% layer, bead-containing mixture). The beadcontaining interface between the 44% and 88% layers was collected and washed twice in PBS. For the lysozyme-binding OBody beads, no lysozyme was added during cell lysis or processing. For the coexpression experiments, the glycerol gradient step was omitted and Bugbuster (Merck Milipore) was added to the lysis buffer according to the manufacturer's instructions. When wet weights of PHA beads are reported, they represent the weights of the beads after centrifugation at 5,000 ϫ g for 5 min and removal of the supernatant.
Preparation of GFP-or MBP-containing lysate.
The GFP open reading frame was amplified and inserted into pET-14B under the control of the T7 promoter. The plasmid pMAL-c2g (NEB) was used to express MBP. These plasmids were transformed into E. coli BL21(DE3). The resulting transformants were grown as described above, harvested, and lysed using Bugbuster according to the manufacturer's instructions. Lysates were cleared by centrifugation at 9,000 ϫ g and filtered with a 0.2-m filter. GFP and MBP binding assay. Beads were prewashed once in Bugbuster lysis buffer. Approximately 50 mg of beads was added to 1 ml of cleared GFP or MBP lysate. The beads were resuspended and incubated on a rotary mixer for 20 min, after which the beads were sedimented by centrifugation at 6,000 ϫ g. The supernatant was removed, and the beads were washed three times in PBS with 0.05% Tween 20 (each wash consisting of resuspension of the beads, centrifugation, and removal of supernatant). To elute the bound protein, the beads were resuspended in 500 l of 50 mM glycine (pH 2.7); the beads were removed by centrifugation at 16,000 ϫ g, and the supernatant was neutralized with 50 l of 1 M K 2 HPO 4 . The protein content of the resulting elution fractions was assessed using the Bio-Rad protein assay reagent according to the manufacturer's instructions (bovine serum albumin [BSA] was used as a standard for protein concentration) and by SDS-PAGE. Purification stringency was estimated by pixel densitometry.
Lysozyme OBody binding assay. Beads were prewashed once in TBST (150 mM NaCl, 50 mM Tris-Cl [pH 8.4], 0.1% Tween 20) . Approximately 50 mg of beads was added to 1 ml of TBST containing 2 mg/ml BSA, 2 mg/ml skim milk powder, and 1 mg/ml lysozyme. The beads were resuspended and incubated on a rotary mixer for 20 min, after which the beads were sedimented by centrifugation at 6,000 ϫ g. The supernatant was removed, and the beads were washed three times (each wash consisting of resuspension of the beads, centrifugation, and removal of supernatant) in TBST with 0.05% Tween 20. To elute the bound protein, the beads were resuspended in 500 l of 50 mM glycine (pH 2.0); the beads were removed by centrifugation at 16,000 ϫ g, and the supernatant was neutralized with 50 l of 1 M K 2 HPO 4 . The protein content of the resulting elution fractions was assessed as above.
Sandwich ELISA for ovine TNF-␣. Recombinant ovine TNF-␣ was kindly supplied by Anton Penthaner, AgResearch New Zealand, and prepared as described elsewhere (20) . Tubulin was obtained from Cytoskeleton, Inc. Mouse monoclonal antibodies against bovine TNF-␣ (CC328), secondary anti-mouse antibodies conjugated to horseradish peroxidase (HRP), were obtained from Abcam. Beads were diluted to a concentration of 800 g wet bead mass/ml in enzyme-linked immunosorbent assay (ELISA) buffer (PBS, 0.05% Tween 20, pH 7.4), and 100 l of this bead suspension was added to the wells of a high-binding microtiter plate (Greiner bio-one) and incubated at 4°C overnight. The wells were then rinsed twice with ELISA buffer before blocking the wells with 200 l of 1% BSA in ELISA buffer for 1 h. The blocking buffer was removed, and 100 l of antigen in blocking buffer (10 g/ml recombinant TNF-␣) was added to the wells and incubated for 2 h, followed by washing of the wells four times with ELISA buffer. The primary anti-TNF-␣ antibody was diluted to 2.5 g/ml in ELISA buffer, and 100 l was added to wells and incubated for 2 h. Wells were washed twice in ELISA buffer before addition of 100 l of secondary antibody at a 5,000-fold dilution and incubation for 2 h. The ELISA was also conducted with the omission of the TNF-␣ antigen as a control for unspecific binding of the antibodies by the beads. Wells were finally washed four times with ELISA buffer before adding 100 l of o-phenylenediamine dihydrochloride developing solution. After 15 min, the reaction was stopped with the addition of 50 l 1 N H 2 SO 4 and the absorbance of the wells at 490 nm was read.
PHA quantification. PHA content of the lyophilized cells was quantified using gas chromatography-mass spectrometry (GC/MS) after conversion of the PHA into 3-hydroxymethylester by acid-catalyzed methanolysis. GC/MS was performed by The New Zealand Institute for Plant & Food Research (Palmerston North, New Zealand).
RESULTS

Generation of DARPin-based MBP affinity beads.
A synthetic DARPin domain was selected as the first affinity binding domain for proof of concept due to its demonstrated production and solubility in the E. coli cytosol. A previously generated DARPin (off7) raised against MBP was selected (23). Two fusion proteins were generated, off7-PhaC and PhaC-off7, and fusions to the N terminus of PhaC were done via an unstructured serine-glycine linker to allow the domains to move and function independently. Fusions to the C terminus of PhaC utilized the linker described by Jahns and Rehm (6) ; this linker allows fusion of proteins to the conserved hydrophobic C terminus of PhaC. Recombinant production of these fusion proteins in E. coli BL21(DE3) harboring pMCS69 (pMCS69 carries the ␤-ketothiolase [phaA] and the acetoacetyl-CoA reductase [phaB)]genes, which are required for the formation of the precursor R-3-hydroxybutyryl-CoA, the substrate of the polyester synthase PhaC) produced PHB at levels lower than those obtained with strain BL21(DE3) expressing native PhaC: approximately 2 times less for the PhaC-off7 fusion and 4 times less for the off7-PhaC and off7-PhaC-off7 fusions (see Table S1 in the supplemental material). The isolated PHA beads had a protein coat density similar to that of PhaC beads (see Fig. S1 in the supplemental material).
The isolated fusion protein-displaying PHA beads were used to purify MBP from a cleared E. coli lysate containing recombinant MBP (Fig. 1A) . One major band corresponding to MBP (50.9 kDa) is apparent in the elution fraction of both the N-and C-terminal DARPin fusions; this band is not apparent in the PhaC control (Fig. 1A) . The purity of the elution fraction as estimated by gel densitometry was similar, as was the amount of protein eluted from the beads, whereas the binding of only PhaC beads was negligible ( Fig. 1A and Table 2 ). These DARPin-displaying beads showed minimal nonspecific products in the elution fraction that were not present in the PhaC beads. It should be noted that significant amounts of MBP remained bound to the beads after a low-pH elution. Various different pH buffers, salt concentrations, and detergents were tested during elution as well as prolonged incubation in elution buffer in an attempt to elute this MBP from the beads, but no further protein could be eluted from the beads (data not shown).
Generation of OBody-based lysozyme affinity beads. A synthetic OBody domain raised against hen white egg lysozyme was used as a second proof of concept (16) . Two fusion proteins were generated; OB-PhaC and PhaC-OB. Expression of these fusions in E. coli BL21(DE3)(pMCS69) produced PHA at levels equivalent to that obtained with PhaC alone (see Table S1 in the supplemental material). The isolated PHA beads had a protein coat density similar to that of PhaC beads (see Fig. S1 in the supplemental material). The PHA beads were used to purify lysozyme from a solution containing BSA, skim milk powder, and lysozyme. Both N-and C-terminal OBody fusions could be used to purify lysozyme (14.3 kDa) from the solution, whereas the control beads containing PhaC only did not. These OBody-displaying beads showed low levels of nonspecific binding (Fig. 1B and Table 2 ). Based on densitometry, the purity of the eluted products was higher and the amount of lysozyme eluted was higher for the N-terminal fusions than for the C-terminal fusions, whereas the binding of the PhaConly beads was negligible. Both the N-and C-terminal fusions bound at least 3.5 mol more target protein than the DARPinbased beads (Fig. 1B and Table 2 ).
Generation of V HH -based GFP affinity beads. A V HH domain against GFP was selected due to the ability to easily visualize GFP binding and the relative ease of recombinantly producing GFP. The GFP-specific V HH domain used here is the domain cAbGFP4, which was initially generated from an immune alpaca library after immunization with GFP (24) . GFPV HH -PhaC and PhaC-GFPV HH were generated as described for the DARPin fusions. One additional fusion that had GFPV HH domains on both termini of PhaC was made. When expressed in E. coli BL21(DE3)(pMCS69), both constructs with N-terminal V HH domains (GFPV HH -PhaC and GFPV HH -PhaC-GFPV HH ) produced PHA at levels at least 4 times lower than those of the construct containing only PhaC, whereas the C-terminal fusion (PhaC-GFPV HH ) produced PHA at levels equivalent to that obtained with PhaC alone (see Table S1 in the supplemental material). The isolated PHA beads had a protein coat density similar to that of PhaC beads (see Fig. S1 in the supplemental material). Beads were isolated from these strains and used to purify GFP from a cleared E. coli lysate expressing GFP. All three V HH fusions could purify GFP from the cell lysate (Fig. 1C) . The purity levels of the eluted products were similar for the three fusion proteins. The binding capacity was higher for the N-terminal fusion than for the C-terminal fusions, whereas the binding of the PhaC-only beads was negligible. Both the N-and C-terminal fusions bound approximately one-half the moles of target protein bound by the OBody-based beads (Table 2) . Interestingly, the double-V HH fusion (GFPV HH -PhaC-GFPV HH ) beads had a GFP binding capacity similar to that of the single-fusion GFPV HHPhaC beads (Fig. 1C and Table 2 ). This suggests that there could be a limitation in the correct folding of the disulfide-containing V HH domains in the E. coli BL21(DE3) cytosol.
Binding capacity of V HH -based beads can be increased by coexpression of the beads with DsbC and Erv1P in an oxidizing cytosol. V HH domains derived from alpacas contain at least one disulfide bond, required for stability. The fact that the V HH doublefusion GFPV HH -PhaC-GFPV HH did not have a GFP binding capacity equal to the sum of its parts (Table 2) suggested that a subset of the V HH domains might not be folding correctly in the reducing cytosol. The PHA bead platform is based on the production of the V HH -PhaC fusion proteins in the bacterial cytosol and cannot be shifted to the oxidizing periplasm. To combat this, we initially adapted a method previously used for the cytosolic expression of V HH and scFv proteins in E. coli (25, 26) . Briefly, leaderless disulfide bond isomerase (DsbC) was fused to PhaC at the opposing terminus of the V HH domain (i.e., GFPV HH -PhaC-DsbC and DsbC-PhaC-GFPV HH ). Though both PHA yields and the overall binding capacities were generally increased in both cases, cofusion with DsbC increased the unspecific binding of the material and subsequently decreased the purity of the eluted protein (data not shown). This was presumably due to DsbC interacting with nontarget proteins via its chaperone function.
An alternative approach was based on the findings that coexpression of DsbC and the sulfhydryl oxidase Erv1p can increase the cytosolic expression of V HH fusion proteins (18) . To do this, we used the E. coli strain SHuffle T7 express, which constitutively expresses a cytosolic form of DsbC and also has an oxidizing cytosol due to the trxB gor mutations. In addition to this, we modified the PhaA-and PhaB-expressing plasmid pMCS69 to also express Erv1P (generating the plasmid pMCS69E). Expression of GFPV HH -PhaC, PhaC-GFPV HH , and GFPV HH -PhaC-GFPV HH fusions in the E. coli SHuffle T7 Express(pMSC69E) background resulted in a significant increase both in the PHA yields and in the binding capacities. All constructs produced PHA at levels at least equivalent to that of the PhaC-only-mediated PHA synthesis (see Table S1 in the supplemental material). The binding capacity of PHA resin mediated by all constructs increased with GFPV HHPhaC 1.47-fold; PhaC-GFPV HH increased 1.81-fold; and the double fusion GFPV HH -PhaC-GFPV HH increased 2.53-fold, to 16.07 mg (598 nmol GFP) per g wet beads (Fig. 1D and Table 2 ). The fact that the dual fusion gives a binding capacity very close to the sum of the two independent fusions suggests that V HH folding is no longer a problem in these strains. Along with the increases in binding capacity, there was an apparent increase in the purity of the eluted product, with minimal additional bands visible on a Coomassie blue-stained gel (Fig. 1D and Table 2) .
TNF-␣ V HH affinity beads for use in ELISA. To demonstrate the versatility of the affinity PHA beads, a second V HH domain against a more physiologically relevant target was used. A V HH domain raised from an immune alpaca library against ovine TNF-␣ was initially selected (20) . N-and C-terminal fusions to PhaC were generated as described above. Production of these fusion proteins in E. coli BL21(DE3) mediated lower levels of PHA production, contributing to about 25% and 75% less PHA per cellular dry weight for PhaC-TNF-␣V HH and TNF-␣ V HH -PhaC, respectively, than for PhaC only, whereas expression in E. coli SHuffle T7 Express(pMCS69E) resulted in higher levels, similar to what was seen with PhaC alone.
As TNF-␣ cannot be easily obtained naturally or be recombinantly produced at quantities required to conduct batch purification assays as described above for MBP, lysozyme, and GFP, a sandwich ELISA was performed to assess function. Due to the nature of the assay, binding capacities could not be accurately determined. A clear increased signal was observed in the samples containing beads displaying TNF-␣V HH -PhaC and PhaC-TNF-␣V HH compared to the PhaC-only sample. Also, the relative re- sults were similar to those for the GFPV HH beads, with the material produced in E. coli SHuffle T7 Express(pMCS69E) performing at least 1.78-fold better in both cases (see Fig. S2 in the supplemental material).
Coproduction of an affinity resin and a target protein in the same cell. The ability to produce an affinity resin in vivo led to the idea of generating a system whereby a recombinant product and an affinity resin binding that product are produced in a single step within a single cell. As the dual V HH -GFP fusion produced in E. coli SHuffle T7 Express(pMCS69E) yielded material with the highest binding capacity and had high PHB yields ( Fig. 1D ; see also Table S1 in the supplemental material), we used this construct to assess the coproduction. A plasmid that allowed the polycistronic expression of GFP and the V HH -PhaC-V HH fusion protein was generated. PHA beads were produced based on the optimized conditions described above for the production of the GFPV HH domain fusions. In order to minimize the potential of loss of bound GFP during the isolation and washing steps and to simplify the purification steps, a simplified PHA bead isolation method was used. Briefly, the glycerol density gradient step was omitted and the detergent mixture Bugbuster was added to the lysis buffer. When GFP was coproduced with GFPV HH -PhaC-GFPV HH , GFP associated with the beads, whereas when GFP was coexpressed with PhaC alone, no GFP was found to be associated with the beads (Fig. 2A) . The GFP could be eluted from the beads with a low-pH wash, yielding 13.47 mg (503 nmol GFP) per g wet PHA beads with an estimated purity of 81%, whereas the amount of protein eluted from the PhaC beads was negligible (Fig. 2B) . The overall protein profile of the isolated PHA beads was not as clean with this simplified purification method, but as little nonspecific protein appeared in the elution profile, this does not appear to be a problem ( Fig. 2 ; see also Fig. S1 in the supplemental material). Using this method under conventional lab-scale growth conditions (LB in a shake flask), a purified target protein yield of approximately 16 mg GFP per liter of culture could be obtained. It should be noted that some level of GFP remained in the soluble fraction of the cell lysate, indicating that not all the GFP was bound. This could be addressed by fine-tuning the expression of the V HH -PhaC fusion and the target (GFP) independently. Alternatively, reusing the postelution beads to bind the remaining soluble target protein contained in the lysate could provide a solution. The beads appeared to retain much of their activity postelution after several washes in PBS (data not shown).
DISCUSSION
Here we have demonstrated the ability to generate affinity resins in vivo by utilizing and combining several existing technologies: 3 different customizable affinity binding domains, i.e., camelid V HH domains, DARPins, and OBodies, and the microbial production of intracellular biopolyester beads. The ability to recombinantly produce these affinity binding domains covalently attached to a matrix/support material in a single step could expand their attractiveness for bioseparation applications. These resins could be used to isolate target proteins from complex biological samples (e.g., total bacterial cell lysates). Furthermore, as demonstrated here, the ability to produce a desired target protein simultaneously with a defined affinity matrix inside the same cell provides a fast and simple alternative to conventional purification processes (Fig. 3A  and B) . As well as demonstrating the proof of principle for in vivo-produced customizable affinity resins, we generated usable affinity matrices to proteins commonly used as tags (MBP and GFP) (27, 28) , thus providing a cheap and easily produced affinity resin to proteins currently used in many research labs.
Although the ligand density was similar on all beads (see Fig. S1 in the supplemental material), the binding capacities varied. DARPins initially appeared to be the most suitable candidate for the in vivo immobilization of an affinity domain on PHA due to their great stability and ability to be expressed at high levels in the bacterial cytosol (30% total cell protein or milligrams per liter) (14, 29) , but the DARPin-based material performed the worst in this study. In terms of binding capacity, the amount of DARPinbased material was 3 to 6 times lower than the OBody-or opti- mized V HH domain-based material. Furthermore, the presence of the MBP-binding DARPin appeared to have an inhibitory effect on the function of the polyester synthase activity of PhaC, as observed by the 4-fold reduction in PHB content of the cells (see Table S1 in the supplemental material). It is unclear why fusion of the DARPin had a detrimental effect on the polyester synthase. The reduced target yield observed when using the DARPIN-based PHA beads is presumably due to the inability to completely elute the bound MBP from the beads. As the off7 DARPin domain has a dissociation constant of 4.4 nM, which is intermediate between that of the cABGFP V HH domain (0.23 nM) and that of the OBody domain (612.8 nM), it remains unclear why the target couldn't be eluted efficiently using standard elution conditions (15, 16, 24) . However, it is not uncommon that for new high-affinity binding resin an elution protocol needs to be developed and optimized.
V HH proteins have commonly been produced in the oxidizing bacterial periplasm; here they are expressed in the reducing bacterial cytosol. A review of the literature reveals three other examples of the recombinant production of V HH molecules in the cytosol of E coli, of which two were achieved through fusion with DsbC or thioredoxin 1 (26, 30) . In the third example, the V HH fusion protein was coproduced with DsbC and the sulfhydryl oxidase Erv1P in a tor grx mutant background. Here, coproduction with DsbC and the sulfhydryl oxidase Erv1P in a tor grx mutant background significantly enhanced the activity of the V HH domain-displaying beads, but it was not absolutely required for production of functional V HH domains. This is in contrast to the above-mentioned study, in which the fusion to DsbC required functional expression of the V HH domain (26, 31, 32) .
Recently, a similar approach to produce immobilized binding domains in vivo was used with a red fluorescent protein (RFP)-specific V HH domain on the surface of magnetosomes in Magnetospirillum gryphiswaldense, but no data were supplied regarding the yield or binding capacity (31) .
Previously, an in vivo-produced IgG binding bead based on fusion of a modified protein A domain to PHA synthase had been reported; the binding capacity of this bead was reported to be 100 mg of IgG per g of beads or approximately 660 nmol IgG per g beads (32) . A similar binding capacity was observed in this study, in which the best-performing beads bound 16.07 mg of GFP per g of wet beads, corresponding to 598 nmol GFP per g beads. Currently, BAC/Life Technologies produces affinity resins based on Lama V HH binding domains against various targets (CaptureSelect). The respective V HH s are recombinantly produced by yeast and after purification cross-linked to agarose beads. The binding capacities of the various commercially available CaptureSelect products are quoted as between 2 and Ͼ15 mg of protein (depending on the specific target protein) per ml of resin; this equates to between 90 and 250 nmol per ml resin (Life Technologies CaptureSelect Pub. No. 4486257 Rev. B, 28 June 2013). Thus, all of the recombinant affinity polyester beads described here have at least as high a binding capacity, with the highest GFP binding V HH affinity PHA resin outperforming these agarose bead-based resins more than 2-fold and without the need to purify the V HH protein and to cross-link it to agarose. The higher binding capacity may be due to the smaller size (and thus increased surface area) of the bacterially produced polyester beads (typically up to around 600 nm) compared to the agarose beads used in the commercially available product (35 m to 100 m). It should be noted that as previously shown with enzyme-immobilized PHA beads (33) , these PHA-based beads could be reused several times without obvious loss of binding capacity (data not shown).
The ability to coproduce an affinity resin and a target protein within a single cell has been demonstrated. This allows for the convenient production and isolation of the target protein. Expanding on this idea, it is widely accepted that the immobilization of proteins can have a beneficial effect on the stability and solubility of proteins, and thus this method may help in the soluble production of problematic (i.e., prone to inclusion body formation) proteins. One potential application for this finding is that the in vivo immobilization of the affinity domains and subsequent physical separation of the target protein on the surface of the polyester beads may aid in its folding or in preventing its incorrect aggregation. Indeed, V HH domains have been used to aid in the stability, solubility, and conformation of problematic proteins and to allow their crystallization (34, 35) . We have also demonstrated that this system is compatible with other factors commonly used to combat problematic proteins (e.g., oxidizing cytosol mutant background or expression of sulfhydryl oxidase or disulfide bond isomerase).
Overall, in this study we have provided experimental evidence that PHA synthase engineering can be applied to implement various library-derived binding domains for the in vivo one-step production of disposable bioseparation resins with commercially relevant binding capacities and purification power. Furthermore, this method can be adapted to immobilize a target protein in vivo, allowing the single-step isolation of the target protein with mg yields per liter of culture with high purities.
